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Abstract. Building on Weinberg’s approach to effective field theory for inflation, we construct
an effective Lagrangian for a pseudo scalar (axion) inflaton field with shift symmetry. In this
Lagrangian we allow the axion field to couple to non-Abelian gauge fields via a Chern-Simons
term. We then analyze a class of inflation models driven by kinetic terms. We find that the
observational constraints on the amplitudes of curvature perturbations and non-Gaussianity
yield a lower bound for the tensor-to-scalar ratio of r & 5×10−3 from the vacuum fluctuation.
The sourced gravitational wave from SU(2) gauge fields further increases the tensor-to-scalar
ratio and makes the total gravitational wave partially chiral and non-Gaussian, which can be
probed by polarization of the cosmic microwave background and direct detection experiments.
We discuss constraints on parameter space due to backreaction of spin-2 particles produced
by the gauge field.ar
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1 Introduction
Phenomenological success of cosmic inflation [1, 2] requires a flat potential for a slowly-rolling
scalar field φ [3, 4]. Since the seminal work by Freese, Frieman and Olinto [5], shift symmetry,
symmetry under a constant shift of φ→ φ+c, has often been used to construct the necessary
flat potential. In this setup, a pseudo Nambu-Goldstone boson, an axion field, is identified
as the inflaton field, and the flat potential emerges as a consequence of softly broken shift
symmetry (e.g., by the instanton effect).
Another approach is to drive inflation by kinetic terms, L = K(φ)X + L(φ)X2 + . . . ,
with X ≡ −(∂φ)2/2 [6]. While X is shift symmetric, the coefficients K and L may not be.
Nevertheless, we can demand softly broken shift symmetry by requiring K and L to depend
on φ only weakly.
In this paper, we construct an effective Lagrangian for a pseudo scalar field with shift
symmetry. The basic idea follows from Weinberg’s effective field theory for inflation [7];
namely, the number of spacetime derivatives is less than or equal to four. We then retain
terms that are shift symmetric. A novel feature of our Lagrangian is that we also add the shift
symmetric Chern-Simons coupling to (non-Abelian) gauge fields, φFF˜ [8, 9]. We find that
our construction predicts a lower bound for the tensor-to-scalar ratio of r & 5 × 10−3 with
partially chiral and non-Gaussian gravitational waves. In our setup, shift symmetry breaking
effects can explain the tilt of the scalar curvature power spectrum, ns < 1, discovered by the
cosmic microwave background (CMB) experiments [10–12].
The rest of this paper is organized as follows. In section 2, we explain our construction of
the effective Lagrangian for a pseudo scalar field with shift symmetry. In section 3, we derive
the background equations of motion for the scalar and gauge fields and find approximate
solutions with softly broken shift symmetry. In section 4, we analyze the scalar and tensor
perturbations and calculate observables such as the scalar spectral tilt and non-Gaussianity as
well as the tensor-to-scalar ratio, chiraity, and non-Gaussianity of the primordial gravitational
wave. In section 4.3, we constrain the model parameter space using sizes of backreaction of
spin-2 particles produced by the gauge field. We conclude in section 5.
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2 Effective field theory for inflation with shift symmetry
We start with the kinetic Lagrangian with no more than four spacetime derivatives [6, 7]:
L0 =
√−g [(M2p/2)R+ a1X + a2X2] , (2.1)
where g ≡ det gµν , X ≡ −∂µφ∂µφ/2, R is the Ricci scalar, Mp = (8piG)−1/2 is the reduced
Planck mass, and a1 and a2 are coefficients characterized by the mass scale M of theory. To
achieve inflation, we need a1 < 0 and a2 > 0. Then the cosmic expansion rate H ≡ a˙/a (a is
the cosmic scale factor and an over-dot is a time derivative) is given by M2pH
2 ∼ a2X2 ∼M4
and  ≡ −H˙/H2 = 0; a phase of the exact de Sitter inflation is realized without a potential
[6, 13–15]. The configuration a1 < 0 and a2 > 0 has been used to achieve “ghost inflation”
[15] by forming “ghost condensate” [14]. If a1 < 0 and a2 < 0, the system is unstable since
the Hamiltonian is not positive-definite.
Any additional derivatives acting on ∂µφ or on the metric yield factors of order H ∼
M2/Mp  M , which guarantees that (2.1) is the leading terms in the low-energy effective
field theory for inflation, and any correction terms are suppressed by factors of H/M . The
leading correction to (2.1) consists of a sum of all generally covariant and shift symmetric
terms with four spacetime derivatives. It can be put in the form
∆L1 =
√−g [a3Xφ+ a4Gµν∂µφ∂νφ+ a5φRGB] + a6φµνρσRµνκλRρσκλ , (2.2)
where φ ≡ gµν∇µ∇νφ, Gµν ≡ Rµν − 12gµνR is the Einstein tensor, RGB ≡ R2− 4RµνRµν +
RµνρσR
µνρσ is the Gauss-Bonnet scalar, and µνρσ is the totally antisymmetric tensor density
with 0123 ≡ +1. The coefficients ai (i = 3, 4, 5, 6) are characterized by the mass scale M (or
higher scale like Mp depending on underlying ultra-violet theory).
The correction terms given in (2.2) are the most general ones with four spacetime
derivatives [7]. The other terms such as (φ)2, Rµν∂µφ∂νφ, Rφ, and so on, are eliminated
by the field equations. We can estimate sizes of the correction terms as a3Xφ ∼ HM3,
a4G
µν∂µφ∂νφ ∼ H2M2, a5φRGB ∼ H3M , and a6φµνρσRµνκλRρσκλ ∼ H3M , with X ∼ M4
and φ ∼ φ˙∆t ∼ M2/H. Since terms with six spacetime derivatives like (φ)3 would be on
the order of H3M , we ignore the last two terms in (2.2); moreover, they can be rewritten
as bilinear in the Weyl tensor that vanishes at the background level in a conformally flat
spacetime [7].
The first three terms in (2.2) introduce no auxiliary field (known as the Ostrogradski
ghost mode) and theory is stable on a cosmological background [16–18], while the last term
in (2.2) causes instability if L0 + ∆L1 is taken as the full Lagrangian [19]. The last term is
parity violating in a nontrivial background of φ; thus, it results in chiral gravitational waves
with different amplitudes of right- and left-handed helicities [20]. Chirality can be as large
as several tens of percent when the cut-off scale of theory, M , is as low as M = 20H [21]; the
effect becomes smaller for a larger cut-off (e.g., Planck scale [22, 23]). Specifically, we assume
M ∼ √HMp in this paper. The (perturbative) strong coupling scales in the gravity-scalar
sector were studied in [24] where they found M = 1/4
√
HMp if (2.1) dominates among
others.
Finally, we add another shift symmetric term to the Lagrangian, a Chern-Simons cou-
pling term between φ and gauge fields. In this paper we focus on SU(2) gauge fields, as they
(or a SU(2) subgroup of non-Abelian gauge fields) acquire an isotropic and homogeneous
background solution during inflation when conformal invariance is broken by a four deriva-
tive operator (FF˜ )2 [25, 26] or by a Chern-Simons interaction φFF˜ [9], where F is the gauge
– 2 –
field strength tensor. The former can be obtained as an effective Lagrangian of the latter by
integrating out the massive φ on energy scales below its mass scale [27–29]. We assume that
a global symmetry breaking scale f lies in a range of H < f < Mp. The gauge sector is given
by
∆L2 = −1
4
√−gF aµνF aµν −
λ
8f
φµνρσF aµνF
a
ρσ , (2.3)
where F aµν ≡ ∂µAaν−∂νAaµ+gAabcAbµAcν is the field strength tensor, gA is the gauge coupling
constant, superscripts a, b, c are the SU(2) group indices, and summation is assumed for
repeated indices. λ is a dimensionless coefficient associated to microphysics of the axion [30].
As perturbations in the SU(2) field around the homogeneous and isotropic vacuum
expectation value contain tensor modes [25, 26], it can source gravitational waves at linear
order. The resulting signal is chiral [29, 31–33] and non-Gaussian due to self-coupling of
SU(2) gauge fields [34–37].1
In summary, our effective action is given by
S =
∫
d4x
√−g
[
M2p
2
R+ a1X + a2X
2 + a3Xφ+ a4Gµν∂µφ∂νφ
−1
4
F aµνF
aµν − λ
8f
√−gφ
µνρσF aµνF
a
ρσ
]
, (2.4)
where we have set a5 = a6 = 0 based on the estimates of their magnitudes given above. If
we impose symmetry under parity, the term with a3 is absent. In the present model, parity
symmetry will be spontaneously broken by the Chern-Simons interaction once the gauge field
acquires a nontrivial background value. Thus, we consider the case a3 6= 0 as well.
Here we provide comparison with the previous work on the scalar field Lagrangian non-
minimally coupled to gravity. A canonical scalar field corresponds to a1 = 1. The terms with
a1 and a4 are included in “UV-protected inflation” [42, 43] with a1 = 1 and a4 = 1/(2M
2) in
their notation. The terms with a1, a2, and a3 are included in “G-inflation” [44] if we set their
free functions to K = a1X + a2X
2 and G = −a3X, which is equivalent to “kinetic gravity
braiding” [45] if K = a1X + a2X
2 and G = a3X (or a1 = 1 and a3 = −M(φ) in the notation
of [46]). The terms with a1 and a3 are included in “galileon inflation” [47] if we set their
coefficients to c2 = a1 and c3Λ
−3 = −a3/2. In “generalized G-inflation” [18], our scalar field
Lagrangian is realized when K = a1X + a2X
2, G3 = −a3X, G4 = M2p/2, and G5 = −a4φ,
which is equivalent to G4 = M
2
p/2+a4X up to total derivative. The terms with a4 and a5 are
included in “the Fab Four” [48] if we set their free functions to Vgeorge = M
2
p/2, Vjohn = a4,
Vringo = a5φ = 0, and Vpaul = 0. Our aim in this paper is not to work with the most general
Lagrangian for a scalar field with shift symmetry, but to work with the Lagrangian that is
valid in the low-energy effective field theory.
Shift symmetry results in the exact de Sitter expansion, which fails to explain a small
but non-zero tilt of the scalar curvature power spectrum [10–12]. In our setup, shift symmetry
may be broken in three ways. The first possibility is to introduce a potential, e.g., V (φ) =
V,φφ, where V,φ is nearly constant. The specific potential form is not important for realizing
inflation in our model, since inflation is assumed to be driven by the kinetic terms given
1A similar phenomenology is obtained with a Chern-Simons coupling with a U(1) gauge field [8]. The
sourced gravitational wave is chiral [38] and non-Gaussian because it is sourced non-linearly by the quadratic
term in the stress-energy tensor [39–41].
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in (2.1). The operators φ and φ2 are protected by nonrenormalization theorem; thus, shift
symmetry is softly broken [47]. Any periodic potential arisen from the instanton mechanism
breaks shift symmetry without receiving large quantum corrections. The second possibility
is to introduce weak φ dependence on the coefficients, ai. Since (2.1) is the leading part,
we shall assume a1 = a1(φ), a2 = a2(φ), a3 = const., and a4 = const. for simplicity; thus,
L0 → √−g
[
(M2p/2)R+ a1(φ)X + a2(φ)X
2 − V (φ)]. The third possibility is backreaction of
particle production by the gauge field on the equation of motion for φ, which turns out to
be too small to break shift symmetry effectively (section 4.3). In any case, the symmetry
breaking terms should be understood as small.
3 Inflationary background
We take the flat, homogeneous and isotropic background such that ds2 = −N2(t)dt2 +
a2(t)dx2, φ = φ(t), Aa0 = 0, and A
a
i = δ
a
i a(t)Q(t) [25, 26]. This homogeneous and isotropic
configuration of the gauge field is an attractor solution during inflation [49, 50]. After finding
the Hamiltonian constraint (i.e., the Friedmann equation), we set the background lapse
function to N(t) = 1.
The field equations for φ and Q are given by
J˙ + 3HJ −K,φ = −3gAλ
f
Q2(Q˙+HQ) , (3.1)
J ≡ φ˙(a1 + a2φ˙2 − 3a3Hφ˙+ 6a4H2) , K ≡ a1X + a2X2 − V ,
Q¨+ 3HQ˙+ (H˙ + 2H2)Q+ 2g2AQ
3 =
gAλ
f
φ˙Q2 , (3.2)
where K,φ ≡ ∂K/∂φ . The last term in the left hand side of (3.2) gives an effective mass term
for the gauge field background. We write this as 2g2AQ
3 = 2m2QH
2Q with mQ ≡ gAQ/H.
The flat Friedmann equations are given by
3M2pH
2 = ρφ + ρA , (3.3)
−3M2pH2 − 2M2pH˙ = pφ + pA , (3.4)
ρφ = φ˙J −K + 6a4H2X ,
pφ = K + 2a3Xφ¨− 6a4H2X − 4a4H˙X − 4a4HX˙ ,
ρA =
3
2
(Q˙+HQ)2 +
3
2
g2AQ
4 , pA =
1
3
ρA .
Combining equations (3.3) and (3.4), we get
 ≡ − H˙
H2
=
φ˙J
2H2M2p
+
a3Xφ¨
H2M2p
+ 2
a4X
M2p
− 2 a4X˙
HM2p
+
2ρA
3H2M2p
. (3.5)
Noting a relation  = 3(1 + w)/2 with w ≡ p/ρ being the equation of state (p and ρ are
total pressure and energy density, respectively), we would expect w ' 1/3 and the universe
becomes radiation dominated if the last term in (3.5) becomes dominant. However, we will
show in the following that this is not the case for non-vanishing λ, gA, and Q, and the universe
is inflationary with w ' −1 in a quasi-stationary state regardless of the fraction ρA/ρ.
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We solve the φ field equation (3.1) iteratively using shift symmetry. Ignoring the φ
dependence (i.e., K,φ), we get the zeroth iterative solution:
J (0) = −gAλ
f
Q3 +
C
a3
, (3.6)
where the second term is a decaying solution and C is an integration constant. Here, J is a
conjugate momentum of φ in the absence of the gauge field background Q. In the presence
of a nontrivial Q, the conserved charge associated to shift symmetry is C = a3
(
J + gAλf Q
3
)
.
If Q is constant, the solution implies φ˙ and H are constant and the exact de Sitter expansion
(w = −1) is realized.
Plugging (3.6) into (3.1), we get the first iterative solution:
J (1) = −gAλ
f
Q3 +
K,φ
3H
+
C
a3
, (3.7)
where we have assumed that H and K,φ are nearly constant. The first iterative solution
is enough to obtain a quasi de Sitter expansion for a slightly tilted spectrum of curvature
perturbations.
A nontrivial, stationary value of Q can be obtained from the Q field equation (3.2). To
see the appearance of a nontrivial Q, we define an effective potential for Q:
Ueff(Q) ≡ 1
2
(H˙ + 2H2)Q2 +
1
2
g2AQ
4 − gAλ
3f
φ˙Q3 , (3.8)
which acquires a nontrivial minimum for φ˙ 6= 0:
Q∗ =
λφ˙
4gAf
+
λ
4gAf
√
φ˙2 − 16f
2H2(1− /2)
λ2
, (3.9)
where |λφ˙/f | > 4H must be satisfied and λφ˙/(4gAf) < Q∗ < λφ˙/(2gAf) for positive values.
Equivalently, we can solve the stationary condition U ′eff(Q) = 0 for φ˙:
φ˙∗ =
2fgAQ
λ
+
2fH2(1− /2)
λgAQ
. (3.10)
Plugging (3.7) and (3.10) into (3.5), we find that the first and last terms in (3.5) nearly
cancel, finding a value of  at stationary trajectory as(
1− 2a4X
M2p
− Q
2
2M2p
)
∗ =
φ˙K,φ
6H3M2p
+
a3Xφ¨
H2M2p
− 2a4X˙
HM2p
+
Q˙2
H2M2p
+
2QQ˙
HM2p
. (3.11)
As stated before, quasi de Sitter expansion (w ' −1) is realized for the attractor solution
φ˙ = φ˙∗. In the limit K,φ → 0, the solutions indicate φ˙→ const., Q→ const., and then → 0
(i.e., w → −1). Since we are interested in the quasi-static state, we assume that the field
values change slowly as ∣∣∣∣∣ φ¨Hφ˙
∣∣∣∣∣ 1 ,
∣∣∣∣∣ Q˙HQ
∣∣∣∣∣ 1 . (3.12)
So far, we have not taken into account backreaction of particle production by the gauge
field on the background equations of motion, which modifies the solutions (3.7) and (3.11).
We shall take backreaction into account in section 4.3.
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4 Cosmological perturbations
The clock of the system is set by the uniform energy density of φ when ρφ  ρA. In
the unitary gauge δφ = 0 at all orders, we write the spatial metric as gij = a
2e2ζ [eh]ij =
a2e2ζ(δij +hij +hikhkj/2 + . . . ), where hij(t,x) is a symmetric, traceless and divergence-free
tensor.
When the effective mass of the gauge field, mQ = gAQ/H (3.2), is small and gauge scalar
perturbations do not decouple from the system, instability appears in the scalar perturbation
for mQ <
√
2 [31, 33]. Thus, we shall assume mQ >
√
2 so that gauge scalar perturbations
decouple.
However, tensor perturbations do not decouple and one of the ±2 helicity states under-
goes an exponential amplification due to instability. This tensor mode instability is essential
to obtain chiral [29, 31–33] and non-Gaussian [34–37] gravitational waves.
4.1 Scalar perturbation: Tilt and non-Gaussianity
Expanding the action (2.4) to second order and using the Gauss, Hamiltonian and momentum
constraints, we obtain the quadratic action for ζ at leading order as
Sζ2 =
∫
d3xdt a3Gs
[
ζ˙2 − c
2
s
a2
(∂iζ)
2
]
, (4.1)
Gs = φ˙
2H2
[
J − 6a3HX + 4a2Xφ˙
(
1− 2a3Xφ˙
HM2p
+
8a4X
M2p
)]
,
c2s =
M2ps
Gs , s = −
a3Xφ˙
HM2p
+
ξ2Q2
M2p
, ξ ≡ λφ˙
2fH
,
where we have used |a3Xφ˙/(HM2p)|  1 and |a4X/M2p |  1 in evaluating Gs and (3.12) in
s. Note that Gs > 0 and c2s > 0 must be satisfied to avoid ghost and gradient instabilities,
which requires a2 > 0 if the third term in Gs dominates. We have estimated the leading
contribution from the Gauss constraint (i.e., the equation of motion for non-dynamical field
Aa0 = δA
a
0) as in [32]
L(δAa0)2 ≈ −aξ2Q2(∂iζ)2 , (4.2)
which has yielded the last term in s for long-wave modes with k . mQaH.2 When ρφ 
ρA, contributions from the gauge field are sub-leading to the Hamiltonian and momentum
constraints. Note that the leading part of scalar perturbations is approximated well by a
model within refs. [18, 44] if the gauge field contribution (4.2) is ignored.
For a canonical axion field (a1 = 1, a2 = a3 = a4 = 0) with the Chern-Simons coupling,
we obtain Gs = M2p and c2s ≈ 1 + ξ2Q2/(M2p).3 In our effective theory, however, the
solution (3.7) gives Gs ' 4a2X2/H2 ' 12M2p and cs '
√
s/12, where (3.3) and X '
−a1/(2a2) have been used.
2For short-wave modes, this term contributes as a mass term and suppresses the amplitude of curvature
perturbations inside the horizon for λ  1 [32], which results in the enhancement of the tensor-to-scalar
ratio, r. In the present case, λ < 1 and the contribution is negligible. Thus, r is not enhanced for vacuum
fluctuations.
3The sound speed is slightly superluminal due to the presence of the gauge field background. This kind
of superluminality is common in “k-essence” theories on classical backgrounds and does not cause the causal
paradoxes [51].
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The power spectrum of curvature perturbations is given by [18, 44]
Pζ ≡ k
3
2pi2
|ζk|2 ' H
2
8pi2Gsc3s
. (4.3)
If we match the scalar power spectrum with the CMB data, Pζ = 2× 10−9 [10–12], we get a
relation
H
Mp
' 2.0× 10−5
( s
10−2
)3/4
, (4.4)
with Gs ' 12M2p and cs '
√
s/12.
To estimate the characteristic scale M , let us define −a1/(2a2) ≡ M4 and rescale φ to
a1 = −1. Then the solution (3.7) is approximated to X 'M4. Combining 3H2M2p ' −K '
M4/2 and (4.4), we get relations
M
Mp
' 7.3× 10−3
( s
10−2
)3/8
,
H
M
' 2.8× 10−3
( s
10−2
)3/8
, (4.5)
which are consistent with our effective theory unless a3 and λ/f are fine-tuned to make s
very small.
We can find a constraint on λ in terms of mQ or ξ. From the definition of ξ and
relations (4.5), we get
f
Mp
' 1.8λ
ξ
. (4.6)
Using H < f < Mp and (4.4), we find
1.1× 10−5
( s
10−2
)3/4
<
λ
ξ
< 0.56 . (4.7)
The stationary condition (3.10) relates ξ to mQ as ξ = mQ+1/mQ−/(2mQ). The constraint
from backreaction of particle production by the gauge field demands mQ = a few at most
(section 4.3); thus, λ cannot be much larger than unity. This is in stark contrast with
“Chromo-natural inflation” [9], for which λ  1 is required. Such a large coupling is not
expected for an axion [30]. On the other hand, our setup allows λ to be more compatible
with standard scenarios such as the KSVZ axion [52, 53].
The spectral tilt of (4.3) is given by
ns − 1 ≡ d lnPζ
d ln k
∣∣∣∣
csk=aH
' −2− gs − 3δs , (4.8)
gs ≡ G˙s
HGs , δs ≡
c˙s
Hcs
.
The precise value of the tilt depends on details of shift symmetry breaking terms (potential,
field-dependent coefficients, and backreaction). Barring cancellations among terms due to
fine-tuning, we expect  ∼ s ∼ O(10−2) to match the tilt with CMB observations. Therefore,
while the potential-driven axion-SU(2) model of “Chromo-natural inflation” [9] and (FF˜ )2-
driven “Gaugeflation” model [25, 26] are ruled out observationally by their predicted values
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of ns and the tensor-to-scalar ratio r [31, 32, 54], our construction can be made compatible
with observations.
We have a tight constraint on s from the scalar bispectrum. The non-linear parameters
of equilateral and orthogonal scalar non-Gaussianities can be estimated as f equilNL ∼ forthoNL ∼
0.1/c2s ∼ 1/s in the absence of the SU(2) field background [55–57]. Assuming that scalar
non-Gaussianity of our model is dominated by the vacuum fluctuation, we can compare this
prediction with the constraint from the CMB data of Planck [58], |f equilNL | ∼ |forthoNL | . 100.
We then find a lower bound s & 10−2.
This estimate might change when we take into account non-linearity in the gauge field
perturbation [59, 60]. Adding non-Gaussian contribution to the scalar perturbation from the
gauge field would increase the lower bound for s which, in turn, increases the lower bound
for the tensor-to-scalar ratio presented in the next section.
4.2 Tensor perturbation: Tensor-to-scalar ratio, chirality, and non-Gaussianity
For tensor perturbations, the gauge field contribution affects the observable signal of the
primordial gravitational wave significantly due to instability of the tensor mode of the gauge
field perturbation shortly before the horizon exit [29, 31–33].
We write gauge tensor perturbations as δAai = δ
a
j a(t)Tij(t,x), where Tij is a symmetric,
traceless and divergence-free tensor.4 Tensor perturbations are invariant under both coordi-
nate and SU(2) gauge transformations at linear order [25, 26]. We find the tensor quadratic
action at leading order as
Sh2 =
∫
d3xdt a3
Gt
8
[
h˙2ij −
c2t
a2
(∂khij)
2
]
, (4.9)
Gt = M2p − 2a4X , c2t =
1
Gt
(
M2p + 2a4X
)
,
ShT =
∫
d3xdt a3HQhij
(
T˙ij +
mQ
a
ikl∂kTjl
)
, (4.10)
ST 2 =
∫
d3xdt a3
1
2
[
T˙ 2ij −
1
a2
(∂kTij)
2 − 2ξmQH2T 2ij + 2(ξ +mQ)
H
a
ijkTkl∂iTjl
]
,
where mQ = gAQ/H and ξ = λφ˙/(2fH). The gravitational sector (4.9) is modified only
by the kinetic term with a4 and was derived, e.g., in [43]. This contribution is sub-leading
to that from general relativity in our construction, and it modifies slightly the canonical
normalization and speed of gravitational waves, ct.
5
Following the method of [63, 64], we calculate the tensor-to-scalar ratio as
r = 16
Gsc3s
Gtc3t
[
1 +
Q2epi(ξ+mQ)|G+|2
2M2p
]
' 4.6× 10−3
( s
10−2
)3/2 [
1 +
H2m2Qe
pi(ξ+mQ)|G+|2
2g2AM
2
p
]
,
(4.11)
4This variable Tij is related to those in the literature as follows: tij = aTij in [25, 26, 31, 32, 61, 62],
tij = Tij in [33], γ˜ij = Tij in [63], and Bij = Tij/Mp in [64].
5The propagation speed of gravitational waves can be either subluminal or superluminal depending of the
sign of a4. The subluminality/superluminality can be removed by rescaling the time coordinate and does not
change causal structure; it does not change observable quantities for long-wave modes [65–68]. For short-wave
modes, there could be emission of gravitons by gravitational Cerenkov radiation for ct < 1 [69] or that of
photons (SU(2) particles) by Cerenkov radiation for ct > 1 [70].
– 8 –
��  �����
��  ����
��  ���
��� ��� ��� ��� ���
�����
�����
�����
�����
��
��
��
��-��
-���
���
���
���
�
ϵ�  ����
⟶�� > ���
��  ���
⟶�φ > ���
⟶�� > �����  ����
⟶�φ > ���
Figure 1. Tensor-to-scalar ratio, r, as a function of the dimensionless gauge field mass, mQ ≡ gAQ/H,
for different values of gauge coupling constants, gA, and s = 0.01. The shaded region mQ & 2.8
indicates that the backreaction on the energy density by spin-2 particle production of the gauge field
is sizable and the linear perturbation analysis cannot be trusted. For gA = 0.01, the backreaction on
the Q field equation is also sizable in the region where mQ & 2.8. For gA = 0.1, the backreaction on
the Q field equation is sizable in the region where mQ & 1.6. See section 4.3 for the precise meaning
of the shaded region and vertical lines.
with Gs ' 12M2p , cs '
√
s/12, Gt ' M2p , and ct ' 1. The first term is the usual vacuum
contribution [71, 72], while the second term is the gauge field contribution. Note that |G+|2 =
|G+(mQ)|2 . O(10−3), whose exact expression can be found in equation (E.6) of [64]. Only
one of the ±2 helicity states is amplified shortly before the horizon exit, resulting in a chiral
gravitational wave signal [29, 31–33]. For ξ > 0 (hence λφ˙ > 0), the +2 helicity state grows
exponentially while the −2 helicity state stays at the same level as the vacuum fluctuations.
Ignoring the gauge field contribution, we find r & 5 × 10−3 for s & 0.01 given by
the constraint on scalar non-Gaussianity. The gauge field contribution further increases the
tensor-to-scalar ratio as shown in figure 1. Here, we show r as a function of mQ and gA for
s = 0.01. Since the stationary condition (3.10) gives ξ = mQ + 1/mQ − /(2mQ) and H is
fixed by (4.4), r is solely specified by mQ if gA and s are provided. The smaller gA is, the
more sensitive to mQ the amplification of the tensor mode of the gauge field becomes. This
is because a small gA gives a large gauge field value Q for a given mQ. For gA = 10
−3 (blue
line), mQ . 2.5 is compatible with the observational constraint r < 0.06 [73]. For gA = 10−2
(orange dashed line), mQ . 3.3 is compatible with r < 0.06.
We calculate chirality of the gravitational wave as χ = rsourced/(rvacuum + rsourced),
where rvacuum and rsourced are given by the first and second terms in (4.11), respectively. We
show χ as a function of mQ and gA for s = 0.01 in figure 2.
The self-coupling of the SU(2) gauge field generates the tensor bispectrum at tree level
[34, 35]. The bispectrum of the +2 helicity state of the primordial gravitational wave at the
equilateral configuration is given byBRRRh,sourced(k, k, k)/[P
R
h,sourced(k)]
2 ' 1.816 exp(0.841mQ)/B
[35], where B ≡ g2AQ4/(H2M2p) = m2Q(Q/Mp)2  1 and “R” stands for the right-handed
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Figure 2. Chirality, χ, as a function of mQ for different gA and s = 0.01. The shaded region and
vertical lines are the same as in figure 1.
(+2) helicity state. This formula is accurate for 3 . mQ . 5. This is much larger than that of
the vacuum contribution at the same configuration, BRRRh,vacuum(k, k, k)/[P
R
h,vacuum(k)]
2 ' 3.586
[74, 75]. The total bispectrum of the +2 helicity state is therefore given by
BRRRh (k, k, k)
[PRh (k)]
2
=
BRRRh,vacuum(k, k, k) +B
RRR
h,sourced(k, k, k)
[PRh,vacuum(k) + P
R
h,sourced(k)]
2
≈ 3.586(1− fs)2 + 1.816f2s exp(0.841mQ)/B , (4.12)
where fs ≡ PRh,sourced/(PRh,vacuum + PRh,sourced) = rsourced/(rvacuum/2 + rsourced) is the fraction
of the sourced power spectrum in the total right-handed gravitational wave power spectrum.
Thus, the bispectrum can be a powerful probe of the gravitational wave sourced by the SU(2)
gauge field [34, 35, 76].
We show tensor non-Gaussianity at the equilateral configuration, BRRRh (k, k, k)/[P
R
h (k)]
2,
as a function ofmQ in figure 3. While (4.12) is accurate for 3 . mQ . 5, we use it for lowermQ
as well. Figure 9 of ref. [35] suggests that the formula overestimates tensor non-Gaussianity
by a factor of two at mQ = 2; thus, the lines in mQ < 2 before reaching the vacuum level
(plateau) should be regarded as an order of magnitude estimate, as the actual values can be
smaller than the lines by a factor of several.
4.3 Backreaction of particle production
Due to significant particle production of gauge tensor perturbations with +2 helicity state
T+(k), this mode backreacts on the background energy density and field equations for axion
and gauge fields [62, 64, 77]. In our setup, this effect is much stronger than the Schwinger
process in which quantum fields are sourced by the background gauge field [78–81]. Validity
of the linear perturbation theory analysis given in this paper requires the backreaction terms
– 10 –
��  �����
��  ����
��  ���
��� ��� ��� ��� ��� ���
��
���
����
���
���
���
���
��
��
��
��
��
�-�
��
���
��
���
ϵ�  ����
⟶�� > �����  ���
⟶�φ > ���
⟶�� > ���
��  ����⟶�φ > ���
�� > ���⟶��  �����
Figure 3. Tensor non-Gaussianity of the +2 helicity state at the equilateral configuration,
BRRRh (k, k, k)/[P
R
h (k)]
2 (4.12), as a function of mQ for different gA and s = 0.01. The shaded
region and vertical lines are the same as in figure 1.
be much smaller than the total energy density perturbation and the other terms in the field
equations.
The regularized energy density fraction in the gauge tensor perturbations Tij is given
by
〈δρT 〉reg
ρ
=
(6mQ + 2/mQ)H
2
12pi2M2p
Kreg
[
3m2Q + 5
6mQ + 2/mQ
]
, (4.13)
where regularization is done by adiabatic subtraction and the expression of Kreg[x] is given
in equation (4.11) of [64]. The shaded region of mQ & 2.8 in figures 1, 2 and 3 shows
|〈δρT 〉reg|/ρ > 10−6 where the linear analysis cannot be trusted. The constraint is weaker for
smaller values of H. The relation (4.4) means that smaller values of H correspond to smaller
s, which has a lower bound from scalar non-Gaussianity. Therefore, backreaction on the
energy density shown in the figures is a lower bound. Note that 〈δρT 〉reg is negative-definite
since the particle production occurs due to the tachyonic mass of T+(k).
Other measures of the backreaction are given by [64]
〈JA〉reg = gAH
3
6pi2
Kreg
[
mQ +
1
mQ
]
, 〈Pφ〉reg = 3λH
4
4pi2f
Kreg[mQ] , (4.14)
BA ≡ 〈JA〉reg
H2Q
=
g2A
6pi2mQ
Kreg
[
mQ +
1
mQ
]
, (4.15)
Bφ ≡ 〈Pφ〉reg
λgAHQ3/f
=
3g2A
4pi2m3Q
Kreg[mQ] , (4.16)
where the backraction terms (4.14) appear as corrections to the field equations of motion for
Q (3.2) and φ (3.1), respectively.
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The effective potential for Q (3.8) may be modified due to backreaction as
Ueff(Q) =
1
2
(H˙ + 2H2)Q2 +
1
2
g2AQ
4 − gAλ
3f
φ˙Q3 − 〈JA〉regQ, (4.17)
where 〈JA〉reg in the last term is positive-definite and does not spoil the existence of a
nontrivial value of Q for the stationary state even if the magnitude of 〈JA〉regQ is sizable.
However, the linear perturbation analysis is not reliable when BA > 0.1, which excludes most
of the parameter space for gA & 0.1. We thus need more careful analysis in this parameter
space. The gray vertical lines in figures 1, 2 and 3 show BA = 0.1 for gA = 0.1 (dotted,
at mQ ' 1.56), gA = 0.01 (dashed, at mQ ' 2.81) and gA = 0.001 (solid, at mQ ' 3.97).
Backreaction on the background gauge field equation of motion cannot be ignored in the
parameter space right to these lines.
Since 〈Pφ〉reg is also positive-definite, it contributes to the shift symmetry breaking term
K,φ in (3.1). In this case, the first iterative solution (3.7) is modified to
J (1) = −gAλ
f
Q3 +
K,φ + 〈Pφ〉reg
3H
+
C
a3
. (4.18)
As a result, (3.11) is changed to ∗ ≈ φ˙(K,φ + 〈Pφ〉reg)/(6H3M2p). In the absence of K,φ,
the effect becomes ∗ ' BφξmQQ2/(3M2p) = ξKreg[mQ]H2/(4pi2M2p). For instance, ∗ =
9.4× 103H2/M2p for mQ = 2.8 and smaller for smaller mQ; it is too small to account for the
tilt of the curvature power spectrum. The magnitude of the right hand side of (4.18) does not
affect the existence of a nontrivial solution of φ˙. However, the linear perturbation analysis is
not reliable when Bφ > 0.1. The light gray vertical lines in figures 1, 2 and 3 show Bφ = 0.1
for gA = 0.1 (dotted, at mQ ' 1.77), gA = 0.01 (dashed, at mQ ' 3.06) and gA = 0.001
(not shown, at mQ ' 4.36). Backreaction on the background axion field equation of motion
cannot be ignored in the parameter space right to these lines, which is always weaker than
BA > 0.1 by roughly an order of magnitude.
5 Conclusion
In this paper, we have constructed a low-energy effective Lagrangian (2.4) for a pseudo scalar
(axion) field with shift symmetry, which contains no more than four spacetime derivatives.
We have coupled the axion field to SU(2) gauge fields via a Chern-Simons coupling. Focusing
on a class of inflationary models driven by kinetic terms (rather than by a potential), we
have obtained the solutions to the background equations of motion with softly broken shift
symmetry.
The scalar curvature perturbation is non-Gaussian when the speed of sound parameter
cs '
√
s/12 is small. Using the observational constraint on scalar non-Gaussianity from
the CMB data, we find a lower bound for s which, in turn, yields a lower bound for the
tensor-to-scalar ratio of the primordial gravitational wave, r & 5 × 10−3, from the vacuum
fluctuation (the first term in (4.11)). This is within the reach of upcoming ground-based
[82, 83] and space-borne CMB experiments [84, 85].
The contribution from the tensor perturbation in the SU(2) gauge field further increases
r (the second term in (4.11); figure 1). As this contribution is chiral [29, 31–33] and non-
Gaussian [34–37], it makes the total primordial gravitational wave partially chiral (figure 2)
and non-Gaussian (figure 3). This tensor non-Gaussianity can be probed by CMB experi-
ments (see [76] for a recent review). Chirality can also be probed by CMB experiments as
– 12 –
well as by laser interferometers in a suitable configuration (e.g., [86]). These predictions are
distinct from nearly Gaussian and non-chiral gravitational waves of the vacuum fluctuation;
thus, prospects for distinguishing between the sourced and vacuum contributions are good.
An added bonus is that chiral gravitational waves can generate the baryon number in the
Universe via gravitational anomaly in the lepton number current [87–89]. Estimates of the
baryon number from non-Abelian gauge fields are given in [90–93].
The tilt of the curvature power spectrum, ns, is generated via softly broken shift sym-
metry. This can be achieved by a subdominant potential and φ-dependent coefficients ai(φ).
Therefore, our model can be made compatible with the CMB data, whereas the original in-
flation models based on the SU(2) gauge field, “Gaugeflation” [25, 26] and “Chromo-natural
inflation” [9], have been ruled out by the constraints on ns and r.
Another issue of the Chromo-natural inflation is that it requires λ  1 for successful
phenomenology, which is in tension with standard constructions of axion models [30]. We
find that our model allows λ 1 (4.7).
We thus conclude that our effective Lagrangian (2.4) can yield well-motivated infla-
tionary models which are phenomenologically viable and predict distinct properties of scalar
and tensor perturbations; namely, tilted and non-Gaussian scalar perturbations and partially
chiral and non-Gaussian primordial gravitational waves.
Finally, we comment on reheating scenarios in our construction. They are dependent on
how shift symmetry is broken. If the scalar spectral tilt is produced by a potential, inflation
may end when the potential becomes too steep to keep inflation. In this case, reheating
processes would proceed via particle production in potential energy domination. If the scalar
spectral tilt is produced by φ-dependence in the kinetic terms, inflation may end when the
(nearly) constant speed solution disappears. In this case, reheating processes would proceed
via particle production in kinetic energy domination, called “kination” [94]. In any case the
processes depend on the details of the shift symmetry breaking sector, and we leave this
interesting question for future work.
Acknowledgments
We thank Kaloian Lozanov and Azadeh Maleknejad for collaboration in the early phase and
valuable discussions. We also thank Emanuela Dimastrogiovanni, Valerie Domcke, Matteo
Fasiello for clarifying their work and Giovanni Cabass, Elisa Ferreira, Fabio Finelli, Raphael
Flauger, Kohei Kamada, Leila Mirzagholi, Ryo Namba, and Filippo Vernizzi for useful con-
versations. This research was supported in part by the Excellence Cluster ORIGINS which is
funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) under
Germany’s Excellence Strategy – EXC-2094 – 390783311. YW acknowledges support from
JSPS KAKENHI Grant No. JP16K17712.
References
[1] K. Sato, Mon. Not. Roy. Astron. Soc. 195, 467 (1981).
[2] A. H. Guth, Phys. Rev. D 23, 347 (1981) [Adv. Ser. Astrophys. Cosmol. 3, 139 (1987)].
[3] A. Albrecht and P. J. Steinhardt, Phys. Rev. Lett. 48, 1220 (1982) [Adv. Ser. Astrophys.
Cosmol. 3, 158 (1987)].
[4] A. D. Linde, Phys. Lett. 108B, 389 (1982) [Adv. Ser. Astrophys. Cosmol. 3, 149 (1987)].
– 13 –
[5] K. Freese, J. A. Frieman and A. V. Olinto, Phys. Rev. Lett. 65, 3233 (1990).
[6] C. Armendariz-Picon, T. Damour and V. F. Mukhanov, Phys. Lett. B 458, 209 (1999)
[hep-th/9904075].
[7] S. Weinberg, Phys. Rev. D 77, 123541 (2008) [arXiv:0804.4291 [hep-th]].
[8] M. M. Anber and L. Sorbo, Phys. Rev. D 81, 043534 (2010) [arXiv:0908.4089 [hep-th]].
[9] P. Adshead and M. Wyman, Phys. Rev. Lett. 108, 261302 (2012) [arXiv:1202.2366 [hep-th]].
[10] G. Hinshaw et al. [WMAP Collaboration], Astrophys. J. Suppl. 208, 19 (2013)
[arXiv:1212.5226 [astro-ph.CO]].
[11] E. Komatsu et al. [WMAP Collaboration], PTEP 2014, 06B102 (2014) [arXiv:1404.5415
[astro-ph.CO]].
[12] Y. Akrami et al. [Planck Collaboration], arXiv:1807.06211 [astro-ph.CO].
[13] J. Garriga and V. F. Mukhanov, Phys. Lett. B 458, 219 (1999) [hep-th/9904176].
[14] N. Arkani-Hamed, H. C. Cheng, M. A. Luty and S. Mukohyama, JHEP 0405, 074 (2004)
[hep-th/0312099].
[15] N. Arkani-Hamed, P. Creminelli, S. Mukohyama and M. Zaldarriaga, JCAP 0404, 001 (2004)
[hep-th/0312100].
[16] G. W. Horndeski, Int. J. Theor. Phys. 10, 363 (1974).
[17] C. Deffayet, X. Gao, D. A. Steer and G. Zahariade, Phys. Rev. D 84, 064039 (2011)
[arXiv:1103.3260 [hep-th]].
[18] T. Kobayashi, M. Yamaguchi and J. Yokoyama, Prog. Theor. Phys. 126, 511 (2011)
[arXiv:1105.5723 [hep-th]].
[19] M. Crisostomi, K. Noui, C. Charmousis and D. Langlois, Phys. Rev. D 97, no. 4, 044034
(2018) [arXiv:1710.04531 [hep-th]].
[20] A. Lue, L. M. Wang and M. Kamionkowski, Phys. Rev. Lett. 83, 1506 (1999)
[astro-ph/9812088].
[21] L. Mirzagholi, E. Komatsu, K. D. Lozanov and Y. Watanabe, arXiv:2003.05931 [gr-qc].
[22] S. Alexander and J. Martin, Phys. Rev. D 71, 063526 (2005) [arXiv:hep-th/0410230 [hep-th]].
[23] K. Kamada, J. Kume, Y. Yamada and J. Yokoyama, JCAP 01, no.01, 016 (2020)
[arXiv:1911.02657 [hep-ph]].
[24] T. Kunimitsu, T. Suyama, Y. Watanabe and J. Yokoyama, JCAP 1508, 044 (2015)
[arXiv:1504.06946 [astro-ph.CO]].
[25] A. Maleknejad and M. M. Sheikh-Jabbari, Phys. Lett. B 723, 224 (2013) [arXiv:1102.1513
[hep-ph]].
[26] A. Maleknejad and M. M. Sheikh-Jabbari, Phys. Rev. D 84, 043515 (2011) [arXiv:1102.1932
[hep-ph]].
[27] P. Adshead and M. Wyman, Phys. Rev. D 86, 043530 (2012) [arXiv:1203.2264 [hep-th]].
[28] M. Sheikh-Jabbari, Phys. Lett. B 717, 6-9 (2012) [arXiv:1203.2265 [hep-th]].
[29] A. Maleknejad, M. M. Sheikh-Jabbari and J. Soda, Phys. Rept. 528, 161 (2013)
[arXiv:1212.2921 [hep-th]].
[30] P. Agrawal, J. Fan and M. Reece, JHEP 1810, 193 (2018) [arXiv:1806.09621 [hep-th]].
[31] P. Adshead, E. Martinec and M. Wyman, Phys. Rev. D 88, no. 2, 021302 (2013)
[arXiv:1301.2598 [hep-th]].
– 14 –
[32] P. Adshead, E. Martinec and M. Wyman, JHEP 1309, 087 (2013) [arXiv:1305.2930 [hep-th]].
[33] E. Dimastrogiovanni and M. Peloso, Phys. Rev. D 87, no. 10, 103501 (2013) [arXiv:1212.5184
[astro-ph.CO]].
[34] A. Agrawal, T. Fujita and E. Komatsu, Phys. Rev. D 97, no. 10, 103526 (2018)
[arXiv:1707.03023 [astro-ph.CO]].
[35] A. Agrawal, T. Fujita and E. Komatsu, JCAP 1806, 027 (2018) [arXiv:1802.09284
[astro-ph.CO]].
[36] T. Fujita, R. Namba and I. Obata, JCAP 1904, 044 (2019) [arXiv:1811.12371 [astro-ph.CO]].
[37] E. Dimastrogiovanni, M. Fasiello, R. J. Hardwick, H. Assadullahi, K. Koyama and D. Wands,
JCAP 1811, 029 (2018) [arXiv:1806.05474 [astro-ph.CO]].
[38] L. Sorbo, JCAP 1106, 003 (2011) [arXiv:1101.1525 [astro-ph.CO]].
[39] N. Barnaby and M. Peloso, Phys. Rev. Lett. 106, 181301 (2011) [arXiv:1011.1500 [hep-ph]].
[40] N. Barnaby, R. Namba and M. Peloso, JCAP 1104, 009 (2011) [arXiv:1102.4333
[astro-ph.CO]].
[41] M. M. Anber and L. Sorbo, Phys. Rev. D 85, 123537 (2012) [arXiv:1203.5849 [astro-ph.CO]].
[42] C. Germani and A. Kehagias, Phys. Rev. Lett. 106, 161302 (2011) [arXiv:1012.0853 [hep-ph]].
[43] C. Germani and Y. Watanabe, JCAP 1107, 031 (2011) [arXiv:1106.0502 [astro-ph.CO]].
[44] T. Kobayashi, M. Yamaguchi and J. Yokoyama, Phys. Rev. Lett. 105, 231302 (2010)
[arXiv:1008.0603 [hep-th]].
[45] C. Deffayet, O. Pujolas, I. Sawicki and A. Vikman, JCAP 1010, 026 (2010) [arXiv:1008.0048
[hep-th]].
[46] D. Maity and P. Saha, Phys. Rev. D 91, no. 2, 023504 (2015) [arXiv:1407.7692 [hep-th]].
[47] C. Burrage, C. de Rham, D. Seery and A. J. Tolley, JCAP 1101, 014 (2011) [arXiv:1009.2497
[hep-th]].
[48] C. Charmousis, E. J. Copeland, A. Padilla and P. M. Saffin, Phys. Rev. Lett. 108, 051101
(2012) [arXiv:1106.2000 [hep-th]].
[49] A. Maleknejad and E. Erfani, JCAP 1403, 016 (2014) [arXiv:1311.3361 [hep-th]].
[50] I. Wolfson, A. Maleknejad and E. Komatsu, arXiv:2003.01617 [gr-qc].
[51] E. Babichev, V. Mukhanov and A. Vikman, JHEP 02, 101 (2008) [arXiv:0708.0561 [hep-th]].
[52] J. E. Kim, Phys. Rev. Lett. 43, 103 (1979).
[53] M. A. Shifman, A. Vainshtein and V. I. Zakharov, Nucl. Phys. B 166, 493-506 (1980).
[54] R. Namba, E. Dimastrogiovanni and M. Peloso, JCAP 1311, 045 (2013) [arXiv:1308.1366
[astro-ph.CO]].
[55] S. Mizuno and K. Koyama, Phys. Rev. D 82, 103518 (2010) [arXiv:1009.0677 [hep-th]].
[56] A. De Felice and S. Tsujikawa, Phys. Rev. D 84, 083504 (2011) [arXiv:1107.3917 [gr-qc]].
[57] A. De Felice and S. Tsujikawa, JCAP 1303, 030 (2013) [arXiv:1301.5721 [hep-th]].
[58] Y. Akrami et al. [Planck Collaboration], [arXiv:1905.05697 [astro-ph.CO]].
[59] A. Papageorgiou, M. Peloso and C. Unal, JCAP 1809, 030 (2018) [arXiv:1806.08313
[astro-ph.CO]].
[60] A. Papageorgiou, M. Peloso and C. Unal, JCAP 1907, 004 (2019) [arXiv:1904.01488
[astro-ph.CO]].
– 15 –
[61] I. Obata and J. Soda, Phys. Rev. D 93, no. 12, 123502 (2016) [arXiv:1602.06024 [hep-th]].
[62] E. Dimastrogiovanni, M. Fasiello and T. Fujita, JCAP 01, 019 (2017) [arXiv:1608.04216
[astro-ph.CO]].
[63] A. Maleknejad, JHEP 1607, 104 (2016) [arXiv:1604.03327 [hep-ph]].
[64] A. Maleknejad and E. Komatsu, JHEP 1905, 174 (2019) [arXiv:1808.09076 [hep-ph]].
[65] P. Creminelli, J. Gleyzes, J. Norea and F. Vernizzi, Phys. Rev. Lett. 113, no.23, 231301 (2014)
[arXiv:1407.8439 [astro-ph.CO]].
[66] Y. Watanabe, A. Naruko and M. Sasaki, EPL 111, no.3, 39002 (2015) [arXiv:1504.00672
[gr-qc]].
[67] H. Motohashi and J. White, JCAP 1602, 065 (2016) [arXiv:1504.00846 [gr-qc]].
[68] G. Domnech, A. Naruko and M. Sasaki, JCAP 1510, 067 (2015) [arXiv:1505.00174 [gr-qc]].
[69] R. Kimura and K. Yamamoto, JCAP 07, 050 (2012) [arXiv:1112.4284 [astro-ph.CO]].
[70] P. Brax, C. Burrage and A. Davis, JCAP 03, 004 (2016) [arXiv:1510.03701 [gr-qc]].
[71] L. P. Grishchuk, Sov. Phys. JETP 40, 409 (1975) [Zh. Eksp. Teor. Fiz. 67, 825 (1974)].
[72] A. A. Starobinsky, JETP Lett. 30, 682 (1979) [Pisma Zh. Eksp. Teor. Fiz. 30, 719 (1979)].
[73] P. Ade et al. [BICEP2 and Keck Array], Phys. Rev. Lett. 121, 221301 (2018)
[arXiv:1810.05216 [astro-ph.CO]].
[74] J. M. Maldacena and G. L. Pimentel, JHEP 1109, 045 (2011) [arXiv:1104.2846 [hep-th]].
[75] A. Agrawal, Int. J. Mod. Phys. D 28, no. 02, 1950036 (2018) [arXiv:1804.01481 [astro-ph.CO]].
[76] M. Shiraishi, Front. Astron. Space Sci. 6, 49 (2019) [arXiv:1905.12485 [astro-ph.CO]].
[77] T. Fujita, R. Namba and Y. Tada, Phys. Lett. B 778, 17-21 (2018) [arXiv:1705.01533
[astro-ph.CO]].
[78] K. D. Lozanov, A. Maleknejad and E. Komatsu, JHEP 1902, 041 (2019) [arXiv:1805.09318
[hep-th]].
[79] V. Domcke, Y. Ema, K. Mukaida and R. Sato, JHEP 1903, 111 (2019) [arXiv:1812.08021
[hep-ph]].
[80] L. Mirzagholi, A. Maleknejad and K. D. Lozanov, arXiv:1905.09258 [hep-th].
[81] A. Maleknejad, arXiv:1909.11545 [hep-th].
[82] P. Ade et al. [Simons Observatory Collaboration], JCAP 1902, 056 (2019) [arXiv:1808.07445
[astro-ph.CO]].
[83] K. N. Abazajian et al. [CMB-S4 Collaboration], [arXiv:1610.02743 [astro-ph.CO]].
[84] H. Sugai, et al. [LiteBIRD Collaboration], J. Low Temp. Phys. (2020) [arXiv:2001.01724
[astro-ph.IM]].
[85] M. Alvarez, et al. [PICO Collaboration] [arXiv:1908.07495 [astro-ph.IM]].
[86] B. Thorne, T. Fujita, M. Hazumi, N. Katayama, E. Komatsu and M. Shiraishi, Phys. Rev. D
97, no. 4, 043506 (2018) [arXiv:1707.03240 [astro-ph.CO]].
[87] S. H. Alexander, M. E. Peskin and M. M. Sheikh-Jabbari, Phys. Rev. Lett. 96, 081301 (2006)
[arXiv:hep-th/0403069 [hep-th]].
[88] D. H. Lyth, C. Quimbay and Y. Rodriguez, JHEP 03, 016 (2005) [arXiv:hep-th/0501153
[hep-th]].
[89] W. Fischler and S. Paban, JHEP 10, 066 (2007) [arXiv:0708.3828 [hep-th]].
– 16 –
[90] A. Maleknejad, Phys. Rev. D 90, no.2, 023542 (2014) [arXiv:1401.7628 [hep-th]].
[91] A. Maleknejad, JCAP 12, 027 (2016) [arXiv:1604.06520 [hep-ph]].
[92] A. Maleknejad, M. Noorbala and M. Sheikh-Jabbari, Gen. Rel. Grav. 50, no.9, 110 (2018)
[arXiv:1208.2807 [hep-th]].
[93] R. Caldwell and C. Devulder, Phys. Rev. D 97, no.2, 023532 (2018) [arXiv:1706.03765
[astro-ph.CO]].
[94] B. Spokoiny, Phys. Lett. B 315, 40-45 (1993) [arXiv:gr-qc/9306008 [gr-qc]].
– 17 –
